ThlF nucleotide sequence of the ompF gene coding for a major outer membrane protein of Escherichia coli K-12 has been determined and the amino acid sequence of the OmpF protein was deduced from it. The OmpF protein contains 340 amino acid residues, and is produced from a precursor having 22 extra amino acid residues, the signal peptide, at the amino terminus. The expected secondary structure of the OmpF protein had a high /3-sheet content with a low c/L -helix content. The promoter region and the transcription termination region of the ompF gene had a significantly high AT content, while the AT content of the coding region was about the same as the average AT content of the £. coli chromosome. Following the termination codon, a typical f-independent transcription termination signal was observed. The codon usage in the ompF gene was highly nonrandom; the codons preferably utilized are those recognized by the most abundant species of isoaccepting tRNAs or those, among synonymouns codons recognized by the same tRNA, that can interact more properly with the anticodon.
INTRODUCTION
The outer membrane of Escherichia coli K-12 usually contains four major proteins, the OmpF protein, the OmpC protein, the OmpA protein and Braun's lipoprotein, and these are the most abundant proteins in the cell (1). These proteins were first synthesized in a precursor form having a signal peptide at the NH 2 -terminus (2, 3, 4). Two of these proteins, OmpF and OmpC, resemble each other with respect to the apparent molecular weight (5), total amino acid composition and NHp-terminal sequence (6), strong association with the peptidoglycan layer (7), extremely high contents of j3-structured polypeptide (5), trimeric structures (8), and pore functions for small hydrophilic molecules (9). Four genetic loci (ompF, ompC, ompR and envZ ) are known to be involved in the synthesis of these two proteins. The ompF and ompC loci represent structural genes for the corresponding proteins, respectively (6, 10, 11), and are suggested to be derived from a single ancestral gene (6) . On the other hand, gene products of ompR and envZ are shown to positively regulate the synthesis of these proteins (12) . The ompR-envZ region was formerly called ompB.
Despite the similarities described above, the biosynthesis of the two proteins is regulated differentially. The envZ mutation results in the lack of the OmpF protein, while mutations in the ompR gene cause either the lack of OmpC alone or both proteins (12) . In addition, the synthesis of the two proteins is affected in opposite directions by high concentrations of substances like sucrose and NaCl in culture media (13, 14) . Upon addition of these substances to culture media, protein synthesis is immediately switched from OmpF to OmpC. It is suggested that recognition by cells of the osmotic difference between the outside and inside of the outer membrane is involved in this switching phenomenon (14) .
In order to study the molecular mechanism controlling the synthesis of these outer membrane proteins, we isolated a specialized transducing lambda phage that carries the ompF gene of E_. coli K-12 (15). In a previous study (4), we determined the DNA sequence that covers the NHp-terminal region of OmpF and deduced the amino acid sequence of the signal peptide. Here we present the entire DNA sequence of the ompF gene. The methods used for the propagation of the "X.ompFl were those described by Schrenk and Weisberg (18) . Strain H0202mal_ grown in L-broth at 30°C was used as the host strain and XcI857Sam7 as the helper phage. The XompFl DNA was extracted with phenol as described (19) and recovered by ethanol pre-cipitation.
MATERIALS AND METHODS
After digestion with Sal_ I, the 14-kb ONA fragment shown in Fig. 1 was prepared using agarose gel and ligated with cloning vector pBR322 as described (20 A restriction enzyme cleavage map was constructed using both the endlabeling method (25) and the double digestion method (26). All DNA sequencing methods were according to Maxam and Gilbert (23).
Single end-labeled fragments obtained after the chemical cleavages were analyzed by means of a thin sequencing gel system (0.04 x 20 x 40cm) with 20% and 10% polyacrylamide in 7 M urea.
RESULTS

Cloning of the ompF Gene on Plasmid Vector pBR322.
We constructed various hybrid plasmids carrying the ompF region of \ ompFl as shown in Fig. 1 . The 14-kb Sal I DNA fragment from X ompFl was inserted into the Sal_ I site of pBR322. The ligated mixture was used to transform KY2562 selecting for ampicillin resistant and tetracycline sensitive. Two types of 18.3-kb plasmids having the 14-kb insert at the SaJ_ I site of pBR322 with opposite orientation to each other were found in the resulting transformants. Representative plasmids were designated as pLF2 and pLF3, respectively. pLFlO was further derived from pLF2 by digestion with Pvu II followed by religation. pLFll was derived from pLFlO by Eco RI digestion. Similary, pLF4 was derived from pLF3 by Hi^ dill digestion, and pLF9 from The nucleotide sequence of 1807 bp covering the entire region shown in Fig. 2 was determined (Fig. 3) . The determination was carried out for both strands of most of the DNA. In addition, all restriction sites were overlapped by sequence determinations of different DNA fragments. Therefore, no sequence information was missed as a result of the loss of a very small restriction fragment. peptide). This molecular weight is in good agreement with that estimated from the gel electrophoretic behavior of the OmpF protein (MW= 38,000) (5). In Fig. 3 is also shown the amino acid sequence deduced from the nucleotide sequence. The amino acid composition derived from this sequence is also in excellent agreement with our earlier estimates based on amino acid analysis of acid hydrolyzates of the whole OmpF protein (6). In addition, the deduced sequence is almost the same as that of a corresponding protein of £_. coli B determined by Chen et al. (27) . Following the termination codons, there is a possible ^-independent transcription termination signal which is characterized by an oligo(T) sequence and a stable stem-and-loop structure (nucleotides 1570-1599)(28).
This will be discussed later. From these results we conclude that the DNA sequenced here represents the entire ompF gene.
DISCUSSION
We previously determined the DNA sequence for the promoter-signal sequence region of the ompF gene and presented the amino acid sequence of the signal peptide (4).
Here The coding region of the ompF gene is preceded by candidates for the Shine-Dalgarno sequence, Pribnow box and the RNA polymerase recognition site as discussed in a previous paper(4). The initiation site of the transcription is being studied in this laboratory in relation to the mechanism of the ompF expression that is regulated by osmolarity of the culture media. The DNA sequence also shows the possible ^-independent transcription termination signal (nucleotides 1570-1599) that can form an extremely stable stem-andloop structure with an oligo(T) sequence at the end (28). A similar structure has been found at the corresponding region of the Ipp and ompA genes, the genes for other major outer membrane proteins (30, 31, 32) . A similar stemand-loop structure also is located preceding the ompF gene(nucleotides 1-37). 
43).
The nonrandom codon usage in the ompF , ompA and 2£p_ genes meets these requirements: For example, preferential utilization of CUG for leucine, GGU/ GGC for glycine and AUC/AUU for isoleucine must contribute to the efficient translation of the ompF gene through the recognition by the abundant species of isoaccepting tRNA, and preferential utilization of AAA over AAG for lysine, GAA over GAG for glutamic acid, AUC over AUU for isoleucine and AAC over AAU for asparagine must contribute to the efficient translation through the proper codon-anticodon interaction. Although the LamB protein becomes a major outer membrane protein when the synthesis is induced by maltose, the nonrandomness of the codon usage in the lamB gene is not as extreme as that in genes for major outer membrane proteins. Protein Structure.
g. coli K-12 possesses two matrix proteins, OmpF and OmpC, while the B strain has one such protein that migrates to the same position as the K-12 OmpF protein on polyacrylamide gel (44). The primary structure of the OmpF protein deduced from the DNA sequence (Fig. 3) for glutamine, glutamic acid and glutamine residues at positions 66, 117 and 262, respectively. These replacements of amino acid residues can be accounted for by a single base change in the gene. Therefore, we conclude that the two proteins are essentially the same.
The translated sequence of the OmpF protein was analyzed for the expected secondary structure by using the method of Chou and Fasman (45) and that of Nagano (46) (Fig. 5) . Although the current state of the secondary structure prediction is not perfect and many contradictions are, indeed, found in the predicted structures with the two methods, it is clear that the possible p-sheet content is far greater than that of the ot-helix. Figure 5 also shows histograms in which information obtained by the two methods is incorpo-rated. The region strongly supported by the two methods to be 0-sheet (larger than 1.5 in the histogram) is five times larger than the corresponding region for the c(.-helix. These results are consistent with our earlier studies with circular dichroism that the native OmpF protein is peculiar in that it has a very high content of (3-sheet with a low content of o(.-helix (5) . It should be taken into consideration,however, that the OmpF protein is a transmembrane protein and exists as a trimer, while most of the proteins used for the derivation of the prediction rules are globular hydrophilic proteins.
